ABSTRACT: Hypercholesterolemic hamsters were fed for 4 wk on diets rich in saturated fatty acids and cholesterol, differing only in protein source (20%): casein (control group, HC), whole cowpea seed (HWS), and cowpea protein isolate (HPI). Hamsters fed on HWS and HPI presented significant reductions in plasma total cholesterol and non-HDL cholesterol. HPI and HC presented similar protein digestibility, which were significantly higher than that of HWS. Animals fed on HWS presented significantly higher levels of bile acids and cholesterol in feces than did the animals fed on casein or HPI diets. Histological analyses of the liver showed that HC diet resulted in steatosis widely distributed throughout the hepatic lobule, while HWS and HPI diets promoted reductions in liver steatosis. The effectiveness of HWS for modulating lipid metabolism was greater than that of HPI, as measured by plasma cholesterol reduction and liver steatosis.
Introduction
M uch attention has been paid to dietary interventions that lower plasma cholesterol concentration among the population as a tool to prevent and treat coronary heart diseases (Kerckhoffs and others 2002). Legumes are candidates to such interventions as they have shown hypocholesterolemic effects in humans and animals. Soy protein intake, for example, affects serum lipid levels and presents a significant relationship with decreases in total and LDL cholesterol and the risk of coronary heart disease.
Soy consumption, however, is not part of dietetic habits of Western population and other seeds may play an effective role in contributing to lower plasma cholesterol concentration. The cowpea (Vigna unguiculata L. Walp) is a tropical legume native to West Africa whose mature seeds are rich in protein (about 25%) and carbohydrates (about 65%) (Bressani 1985; Frota and others 2008) . Cowpeas grow well under a diverse range of conditions and environments, including arid regions and areas unsuited for growing soybeans (Prinyawiwatkul and others 1996; Sarr and others 2001) . This grain is an important component of the diets for populations in Brazil's Northeastern and Northern regions, sub-Saharan Africa, and India, where it is especially valuable as a source of dietary protein to complement cereals, starchy roots, and tubers (Bressani 1985; Phillips and McWatters 1991; Frota and others 2008) .
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ponent responsible for this cholesterol-lowering effect (Plate and Arêas 2002; Mendonça 2006) . Although cowpeas have been consumed by humans since the earliest times of agriculture practices and medicinal and nutritional properties have been ascribed to this crop (Phillips and McWatters 1991; Frota and others 2008) little research has been undertaken to test the effect of cowpeas on cholesterol metabolism. There is a clear need to assess whether this crop is able, like soy, to reduce plasma cholesterol levels and which is the main component responsible for this effect, should it exist.
The aim of the present study was therefore to investigate the occurrence of hypocholesterolemic effects from whole cowpea seed or its protein isolate, among hamsters that had been fed on a diet rich in saturated fatty acids and cholesterol. Hamsters have been extensively used as animal model for studying the effects of diet on plasma lipid levels and the mechanism involved, because they are sensitive to high-fat cholesterol-supplemented diets (Dorfman and others 2005) and carry a significant portion of its plasma cholesterol in the LDL lipoprotein fraction, presenting thus metabolism close to that observed in humans (Lock and others 2005) . Highfat or high caloric diets usually result in triacylglycerol deposition in liver, which is termed ectopic fat deposition or steatosis that is present in one-third of U.S. population (Browning and others 2004) and may occur by distinct mechanisms: high dietary fat, fatty acid released from adipose tissue, and from de novo hepatic lipogenesis. An imbalance of any of the pathways involved in fatty acid and triacyglycerol delivery, synthesis, export, or oxidation could contribute to lipid accumulation in the liver. Thus, steatosis is expected to occur in the high-fat diets employed in this study. Therefore, both the mechanisms involved in cholesterol reductions and the potential of cowpeas to prevent steatosis were investigated.
Materials and Methods

Protein isolate preparation
Cowpea protein isolate was obtained by means of the conventional methods of alkaline solubilization and isoelectric precipitation of the proteins, followed by solvent extraction, as described in (Arêas 1985) . The flour was defatted using hexane (1:6, w/v) overnight. The defatted flour (1:10, w/v) was stirred for 2 h at 25
• C with buffer containing 50 mM Tris-HCl and 200 mM NaCl, at pH 8.5, and was then centrifuged (10000 × g for 20 min, at 4
to remove insoluble components such as fibers and pigments. The supernatant was then precipitated at pH 4.5 (corresponding to the isoelectric point of vicilin) by addition of 1 M HCl and centrifuged at 10000 × g for 20 min (4 • C). The insoluble fraction, representing the cowpea protein isolate, was then collected.
Legume seed and protein isolate composition analyses
The official methods of the AOAC (1990) were used for proximate analysis. Water and ash content were determined gravimetrically, total protein by means of the Kjeldahl method (N × 6.25), fat by diethyl ether extraction in Soxhlet apparatus, crude fiber by an enzymatic-gravimetric method (Prosky and others 1988) , and carbohydrates by difference calculation.
Animals and experimental procedure
Three-wk-old male Golden Syrian hamsters (n = 30) were purchased from the animal house of the School of Medicine, Univ. of São Paulo, São Paulo, Brazil. They were housed individually in stainless steel mesh cages under controlled conditions: temperature 23 ± 1
• C; 12-h periods of darkness and light (lights on from 8:00 a.m. to 8:00 p.m.); and free access to water and food. Preliminary tests were performed to assess all the methodologies employed in the animal assay. Blood collection from cardiac puncture or from the eyes at the beginning of the experiment showed impractical because the animals were too small, resulting in high stress to them and several deaths, as 0.5 mL of blood withdrawn in these small animals was equivalent to severe hemorrhage. Thus, we decided to increase the group size and to sacrifice some animals for the baseline of cholesterol and fractions. After 7 d of adaptation to a commercial diet (Nuvilab CR1, Brazil), the hamsters (59.9 g ± 7.3) were fed for 3 wk ad libitum on a diet rich in saturated fatty acids (13.5%) and cholesterol (0.1%), containing 20% casein, to induce hypercholesterolemia. At the end of this period, 4 animals were killed to check whether hypercholesterolemia had been achieved. The remaining 26 (104.9 g ± 10.5) were randomized and assigned to 1 of 3 groups receiving the following diets ad libitum for 4 wk: the casein group (n = 8), which was kept on the hypercholesterolemic casein diet (HC); the hypercholesterolemic whole seed group (HWS) (n = 9), which received a diet rich in saturated fatty acids and cholesterol but containing whole cowpea seed; or the hypercholesterolemic protein isolate (HPI) group (n = 9), which received a diet rich in saturated fatty acids and cholesterol but containing the cowpea protein isolate. The diets were formulated based on seed and protein isolate composition analyses (Table 1) , and were designed to be isocaloric and identical in composition (including dietary fiber content) except for the protein source. The compositions of the experimental diets (HC, HWS, and HPI) are shown in Table 2 . Food intake was monitored daily and body weight, weekly. The food efficiency ratio (FER) was calculated as the ratio between body weight gained during the 4 wk of experimental diets and the amount of food consumed over the same period.
All the experimental protocols and procedures were approved by the Research Ethics Committees of the School of Pharmaceutical Sciences (Research Protocol CEEA Nr 89) and the Inst. of Tropical Medicine, both within the Univ. of São Paulo, where this trial was performed.
Sample collection
During the last week of the feeding period (5 consecutive days), fecal samples were collected from the hamsters, which were housed in wired-bottomed cages. The samples were then weighed, lyophilized, weighed again and ground into a fine powder. At the end of the study, the hamsters were subjected to overnight fasting (14 h) and then their blood was withdrawn by cardiac puncture under anesthesia, using ketamine (85 mg/kg of animal weight) and xylazine (8.3 mg/kg of animal weight) and the animals sacrificed. The blood samples were collected into heparin-moistened syringes, and plasma was obtained after centrifugation at 1500 × g for 15 min. The liver was excised, weighed, and washed with cold saline solution (9 g NaCl/L), and was kept in buffered formol. The animals were sacrificed under anesthesia by hypovolemia.
Plasma lipid and lipoprotein analyses
Plasma total cholesterol and triacylglycerol concentrations were measured using commercial enzyme assay kits (Labtest, Brazil). HDL-cholesterol was measured subsequent to precipitation of apoB-containing lipoproteins using sodium phosphotungstate magnesium chloride (Labtest, Brazil). The supernatant fraction was assayed for total cholesterol using an enzyme kit for total cholesterol, in accordance with Weingand and Daggy (1990) . The cholesterol concentration in the VLDL + LDL fractions was expressed as non-HDL cholesterol and was calculated as the difference between total plasma and HDL cholesterol. Although hamsters have a lipoprotein profile similar to humans, the distribution of triacylglycerol across lipoprotein groups differs from the distribution in humans (Gouilinet and Chapman 1993), so the LDL-cholesterol calculation using the equation of Friedewald and others (1972) is inappropriate.
Analysis of fecal sterol and bile acids
The cholesterol concentrations in the oven-dried feces were analyzed after performing cholesterol extraction using petroleum ether. The solvent extract was dried, resolubilized in 500 to 3000 μL of hexane/isopropanol (97:3), filtered through a 0.45-μm membrane, and injected into an HPLC system as described by Chen and Chen (1994) . This was a Shimadzu HPLC with PDA detector, equipped with a Luna Phenomenex linked to a cyan column (5 μm) of 4.6 × 150 mm. The mobile phase used was hexane/isopropanol (97:3, v/v) solution flowing at 1 mL/min. Each run took about 7 min and spectra were recorded from 190 to 300 nm and chromatograms at 206 nm. Quantification was carried out by means of daily external standardization, using an external reference curve for standard cholesterol (Sigma nr C-8667; Sigma-Aldrich do Brasil Ltd., São Paulo, SP, Brazil). The cholesterol peak was identified and also checked for its purity by means of spectra obtained using the photodiode array detector. The software used was Class-VP 10 (Shimadzu do Brasil, São Paulo, SP, Brazil).
Total fecal bile acid was measured from feces extracts using an enzyme recycling rate assay kit (DZ042A, Diazyme, San Diego, Calif., U.S.A.). The oven-dried feces were extracted using a mixture of tert-butanol and water (50:50) for 15 min at 37
• C. The sample was centrifuged at 10000 × g for 2 min (Van Der Meer and others 1985).
True digestibility of proteins
True protein digestibility (TD%) was calculated according to the FAO/WHO (1991) method. The feces of animals assigned to each dietary group, housed in wired-bottom cages as described before, were collected after day 23, during 5 d. Another group (10 hamsters) receiving a similar diet to those of the other groups, except for the absence of protein, was used as reference. Nitrogen of all samples was determined through micro-Kjeldahl method. The true digestibility for each hamster was calculated as follows:
where TD is true digestibility, I is nitrogen intake (g), F is nitrogen excreted in feces by hamsters of experimental diet, and F k is nitrogen excreted in feces by hamsters in a diet free of protein.
Histological evaluation
Specimens for histological examination of liver were fixed in 10% formalin and stained with hematoxylin-eosin (H&E). The histological evaluation included semiquantitative analysis of vesicular fat presence. All sections were coded and analyzed blindly by the pathologist, who had no knowledge of the diet consumed by the animals. The fat accumulation was graded on a scale from 0 to 4+, as follows: 0 = absence of steatosis, 1+ = focal steatosis (< 50% of lobule central veins), 2+ = steatosis in > 50% of lobule central veins, 3+ = comprehensive steatosis, 4+ = comprehensive and intense steatosis.
Statistical analyses
The values were presented as means with their standard errors (± SE). Statistical analyses using one-way analysis of variance (ANOVA) were performed to test the significance of differences (P < 0.05) between groups. When the interaction was significant, the Tukey multiple comparison test was used as a post hoc test. The statistical analyses were performed using the SPSS software, version 13.0 for Windows (SPSS, Inc., Chicago, Ill., U.S.A.).
Results and Discussion
P roximal composition of cowpea and its protein isolate are presented in Table 1 . The results show the low values of carbohydrates, fiber, and lipids in the isolate as compared to the whole seed. The compositions of the experimental diets (HC, HWS, and HPI) are shown in Table 2 . The diets were formulated based on seed and protein isolate composition analyses (Table 1) , and were designed to be isocaloric and identical in composition except for the protein source. All diets presented the same energy density; protein, ash, crude fat, carbohydrate, and cholesterol contents, not differing statistically. The growth parameters for the hamsters and the true digestibility of the experimental diets are summarized in Table 3 . There were no differences in mean food intake among the groups. The final body weight gains among the hamsters after 4 wk of consuming the experimental test diets were similar in the control and HWS groups, while the HPI group had greater weight gains than those presented by the control and HWS groups. The protein in the HWS diet had lower true digestibility than did the protein of the other diets (casein and HPI). However, this did not affect its food efficiency ratio, which was similar to what was observed for the HPI group.
The plasma total cholesterol concentrations observed in the animals of the HWS and HPI groups at the end of experiment were significantly lower than those of the casein group: 49% and 20%, respectively (Figure 1) . The same was observed in the plasma HDL cholesterol and in non-HDL cholesterol concentration that was also significantly lower in the hamsters fed with HWS and HPI. The ratio of HDL cholesterol to total cholesterol was similar in all groups (casein group: 0.56; HWS group: 0.61; and HPI group: 0.56; P = 0.091), indicating that HDL and non-HDL fractions were reduced in similar proportions. The non-HDL cholesterol concentration observed in the animals was dependant on the diet. In the HWS group, the non-HDL cholesterol was significantly lower, by 54%, and this was followed by the HPI group, which presented a significant reduction of 22%, both in comparison with the casein group. There were no differences between the diets with regard to Table 3 ---Physiological data and relative liver weights in hamsters fed with different experimental diets for 4 wk (mean ± SEM).
HC HPI HWS
Daily diet intake (g/day) 6.7 ± 0.2 triacylglycerol levels. The results showed that the HWS diet consistently resulted in more significant hypocholesterolemic behavior than did the HPI diet. The hypocholesterolemic effects of both whole cowpea seed and its protein isolate in Syrian Golden hamsters are not correlated to body weight gain, since the weight gains in the HPI groups were higher when compared to those of the casein control and HWS group, and both presented lower cholesterol levels, although in different magnitude.
The observed hypocholesterolemic effects of cowpea and its isolate protein are in agreement with those for other legume seeds reported by Macarulla and others (2001) , who studied faba bean in rats, by Song and others (2003) , who studied soy protein isolate in hamsters, and others (2004, 2005) with peas and blue lupine in pigs. Plate and Arêas (2002) showed decreased plasma total cholesterol and LDL cholesterol concentrations in hypercholesterolemic rabbits fed on amaranth, while Mendonça (2006) attributed this effect to amaranth protein in hamsters. We also observed in the present study that there were no differences in triacylglycerol levels between the treatments, as already reported for soy protein and other components (Song and others 2003; others 2004, 2005) .
The steroid excretion evaluated close to the end of the feeding period is shown in Table 4 . The whole cowpea seed diet increased fecal cholesterol excretion by 3.5-fold and bile acids by 1.5-fold, as compared with the excretion of the hamsters from the casein group. Similar results were observed by Martins and others (2004) , who found greater bile acid output (1.6-fold) in pigs that were fed raw peas, compared with a casein group. Even though the diet with cowpea protein isolate did not have any significant effect on the fecal output of cholesterol and bile acid, the total steroid excretion (bile acids plus cholesterol) in the feces in this group was inversely proportional to plasma cholesterol levels (r = -0.7, P < 0.01). Other components of cowpea, such as saponins, phytosterols, and other bioactive components present in beans (Amigo and others 1992) besides mechanically bind steroids, could modulate the intestinal sterol transporters of cholesterol ABCG5 and ABCG8 and NiemannPick C1-like 1 (NPC1L1) (Davis and others 2004; Plösch and others 2004) . The increased cholesterol and bile acid fecal excretion in the HWS group, and the lower digestibility of protein of this group, suggest that several components of whole cowpea contributed to reduce the intestinal absorption of cholesterol decreasing blood cholesterol levels, and undigested protein may present a dietary fiber like effect. Some researchers (Terpstra and others 1994; Lin and others 2004) have reported that soybean protein may be less digestible than casein and that the undigested protein could bind to bile acids, thus facilitating their excretion and preventing their absorption. The HPI diet presented a significant but more modest reduction in cholesterolemia and higher protein digestibility than HWS (Table 3 ). This could be explained by the presence of other components of the HWS diet as fiber (although in the present study we equalized the amount of fiber by adding cellulose to control and HPI diets), tannins, phytic acids, and so on that bind cholesterol itself or that the presence of these components (not usually present in protein isolates, as reported by Fernández-Quintela and others [1997] ) would impair protein digestibility and lead it to have a dietary like effect, increasing the steroids output.
Other mechanisms involved in hypocholesterolemia may be related to endogenous actions of diet components. Nagaoka and others (1999) reported that a peptic hydrolysate of soy protein had a cholesterol-lowering effect similar to that of intact soy protein. Not all soy protein is fully degraded by digestive enzymes and results in peptides that are absorbed as such. These enzyme-resistant soy peptides may have metabolic effects on cholesterol metabolism or, moreover, properties similar to those of dietary fibers in their ability to bind to bile acids and cholesterol and thus increase their fecal excretion, or both of these possibilities. In the present study, the observed low total steroid output through feces in the HPI diet indicated that this binding effect was not present in the peptides produced by digestion of cowpea protein Our results suggest that protein isolate of cowpea has a metabolic role in reducing the hamsters' cholesterol levels, possibly through down-regulating genes involved in cholesterol synthesis (such as HMG-CoA reductase) and cholesterol uptake (such as LDL-receptor) via a reduced level of mRNA coding for SREBP-2 as shown to isoflavone-poor soy protein (Shukla and others 2007) .
On the other hand, the HWS diet produced a significantly higher total steroid output through feces, thus suggesting that a sum of mechanisms, like metabolic and increased steroid excretion in feces, are involved.
An important question addressed in this study was whether hypercholesterolemia and steatosis induced through a typical high fat Western country diet, could be counterbalanced by the introduction of an available legume, the cowpea; and if this effect could be related to its protein. The animals fed on casein and on the HPI diet presented heavier livers than did those in the HWS diet group (Table 3 ). This may be partially attributed to fat accumulation in the liver due to changes in lipid metabolism. The difference in hepatic lipid accumulation among the hamsters fed with the 3 different diets was clearly observed with H&E staining (Figure 2) , such that the livers from hamsters fed on whole cowpea seed or its protein isolate showed an absence of or minimal fat accumulation, respectively. In contrast, the livers from the hamsters fed on the casein control diet showed widespread fat globules of different sizes inside parenchyma cells, observed as negative images in intracellular spaces.
The semiquantitative data on fat accumulation in the livers of hamsters fed on the casein, HPI, and HWS diets were assessed by histological evaluation. There was a large reduction in fat deposition area in the livers of the animals fed on whole cowpea seed or its protein isolate, compared with the animals fed on casein. The means of steatosis grades (graded from 0+ to 4+ as described in the Materials and Methods section) in the hamsters fed on the HC, HPI, and HWS diets were 3.4+, 0.8+, and 0.6+, respectively, while HPI and HWS were not different statistically from each other (P = 0.689). This represents 76% and 82% less intense steatosis for the HPI and HWS diets, respectively, compared with the HC diet.
Several mechanisms could be involved in reducing liver fat accumulation. The diets may be reducing the activities and mRNA levels of various enzymes involved in the regulation of fatty acid synthesis through a sterol regulatory element-binding protein (SREBP)-1 dependent mechanism (Takahashi and Ide 2008) . Another possible mechanism to explain lower fat accumulation of group HWS and HPI could be fatty acid oxidation modulated by increase the mRNA expression of PPARα (Takahashi and Ide 2008) . Therefore, alterations in hepatic lipogenesis and fatty acid oxidation may be responsible for cowpea protein-dependent decreases in lipoprotein production.
The mechanisms through which cowpea protein isolate reduces plasma lipid and fat accumulation in the liver might resemble those described for soybeans. There are several contributing mechanisms through which soybeans are believed to reduce blood cholesterol. They involve reduction of the insulin-glucagon ratio, which downregulates the expression of the hepatic transcription factor sterol regulatory element binding protein (SREBP-1) and the transcription factor involved in regulating the expression of genes from fatty acid oxidation (PPARα) (Tovar and others 2005; Torres and others 2006) . A mechanism involving downregulation of genes relating to fatty acid synthesis has also been suggested (Tachibana and others 2005) . These mechanisms should be further studied in cowpea protein isolate.
Conclusions
T his study showed that whole cowpea seed and its protein isolate are useful for remedying diet-induced hypercholesterolemia and steatosis, even in diets containing high levels of saturated fatty acids and cholesterol. The effectiveness of the isolate is lower than that of the whole seed, probably because several components, such as plant sterols, saponins, resistant starches, and soluble fiber present in the intact seed can act synergistically. A significant fraction of this effect in hamsters could be attributed to the protein component, since HPI diet also presented significant cholesterol-lowering properties. Whole cowpea seed and its protein isolate in these animals produced similar effects with regard to reducing fat accumulation in the liver. These marked hypocholesterolemic effects and steatosis reduction of cowpea seed and its protein isolate have important public health and therapeutic implications among subjects with hypercholesterolemia. They open up new possibilities for cholesterol reduction through diets and deserve further studies.
